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ABSTRACT 


the oharaoteriabloa of direobionaX d4i|pbinuibiea (DD’a) in bh« 
inber'piandbafy weBnebio field have been abudied uaing daba fnow bhe Hantner 
10 primary mlaaion bebween 1.0 and 0.H6 AU during November 1973 -April 19?«. 
The enbire daba aeb waa surveyed using an aubomabed procedure bo idenbify 
DD'3 aa ohanges in field direobion of ab leaab 30° in a aeo inberval. 
this abudy yielded an heliographio diabanoe dependenJi for bhe 

daily average number per hour of disoonbinuibtea. In addibion bo bhis 
sbabisbloal survey, DD’s were visually idenbified using 1,2 sec averages 
for/bhree seleobed bime inbervals, and bhe corresponding <10 msec daba were 
sbudied in deball by means bhe Sonnerup-^Cahill minimum variance o 

li:) 

procedure. Afber edibing there resulbed a total of 6<1<1 events. Two 
methods were used bo estimate bhe ratio of bhe number of tangential 
disoonbinuities (TD's) bo bhe number of rotational discontinuities (RD*s). 

In the first approach, those ^d*s with substantial normal components 

> Q» 3 ) were interpreted as RD' a and the reriainder were eonsidered 
to be TD*s, except that some "RD's" were eliminated on bhe basis of 
unaeoepbably ^arge relative magnitude variano^p across their disoonbinuiby 
aone. Ihe second method considers bhe total number ^of RD*s to be bhe sum ® 
of those CD's with substantial normal components (again excluding those 
with large variances) plus an estimated number of bhose)^DD’s with small 
normal components that are possibly RD*s. The estimate is based on the 
assumption that there is a uniform distribution of RD's per degree of 
disoonbinuiby cone angle g (s cos~^ where B is the average magnitude 

o|^ the field across the DD) for all g, Then all other DD's are assuiied to 
be TD‘s. Both methods show that the ratio of TD's bo RD's vwied with time 
and decreased with decreasing radial distance but was tv^ 0.3 on 
.average from the first method and 0 . 6 b ± 0.23 on average from the secondCi 
A decrease in average discontinuity thickness of v/'tOJt was found J6eb ween 1.0 
and 0.72 All and Bej between 1.0 and 0,t6 AU, independent of type (TD or 
RD) , This decrease in thickness for deorjB.-jing;:^r is in qualitative 
agreement with pioneer 10 observations between l^^nd 5 AU, then bhe 
individual DD thicknesses are nomalixed with respect bo the estimated 
local proton gyroradius (R, ), the average thickness at the three locations 

fi-- ^ 

given above is nearly constant, t3 ± 6 Rj^. This also holds true for both 


■) 

RD’s iincl TD'8 s«piirat«lyt Statlstloal distributions of other properties, 
suoh «s noriiial oo'fponents and discontinuity-plane angles (u), are 
presented, No ob^^ious relationship was found between u and the thiokness 
of either TD's or RD's When widely separated locations are examined. 

INTRObUCTlOH 

Early inveatigattons of the fine-scale variations of the intor- 
planetary iuagh»^io field (INF) revealed occasional changes in the direction 
of the field that were abrupt on time scales of seconds (Ness et aJ., 

1966). Ihese features, termed direoti^pnal discontinuities (DD’s) by 
Burlaga (1969a ) 1 defined by Burlaga to be changes in field direction 
of > 30® in < 30 sec. Statistical studies (Sisooe eh al,, 1968; Burlaga, 

1969a) have shown that dd’s are observed near 1 ACfat an average rate of ^ 

// 

1/hour, The observed DD* si) have been identified as bo type, l.e,, either 
tangential or rotational discontinuities (TD's or RD*s) (Smith, 1973a, b; 

Martin et al., 1973! Solodyna et si,, 1977; Burlaga et al,, 1977)t with a 
predominance of TD's found in quiet, low-speed solar wind regions. 

Although plasma measurements are required in addition to tife magnetic field 
measurements for absolute identifioation of DD type, most of the DD studies 
to date have used only magnetic field data, basing the identification of DD 
type on the magnitude of the field component normal to a plane which is 
estimated by analysis bo be the plane of the discontinuity, Observing the 

o 

discontinuities at two or more spacecraft locations can provide additional 
useful information (Denskat and Burlaga, 1977; Fitzenreiber, 1979), 
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The study of DD's in the INF is important for the better understanding • / 
I of fundamehtal plasma processes in the solar wind, RD's are limiting case 
Alfvenio fluctuations, essentially propagating' kinks in the magnetic field, 
that are probably important as scatterers of cosmic ray parbioles, TD's, 
on the other hand, a|e surfaces separating adjacent plasma regions having 
^ differently directed'' fields and flow velocity and no components of B or V 
I p,r, to th. surfaoo It it, ot rofer.no,. Thu, they or, 

(^tion propagating boundaries between d|/fferenb plasaia regimes in the solar 
Wind and as such are potential sites of instability. There are questions 
concerning both the origin and stability of such structures. Are they 


produo«d ntar sun and then oonveotcd to large heliooentrlo distances 
essentially unchanged, or are they produced at all distances in colliding 
solar wind stream regions? Are these processes different for RD*s and 
ID’S? In order to answer suoh questions, the occurrence rate of ED'S and 
ID'S separately as a function of both radial distance from the sun and 
location in azimuth relative to the positions of high-speed streams must be 
determined. « 

Investigations to date have found that in regions of enhanced solar 
wind speed, an increasing fraction of Dp’s exhibit the plasma properties of 
outwardly propagating RD's (Solodyna et al., 1977)* with approximately 
equal numbers of RD's and TD's observed in fast streams at 1 AU (Burlaga et 
al», 1977; Neubauer and Barnstorf, 198Q; parnstorf i960), The first 
opportunity to study the occurrence of DP's over a range of heliocentric 
distance was provided by Pioneer 6 (JSuriaga^^9?1) , The distance range 
covered was limited to 0.83-0.98 Au( however, and variations in data 
coverage and quality with distance, together with temporal variability, 
made it difficult to accurately assess a radial dependence in occurrence 
rate. It was concluded that most if not all DP's originate closer to the 
sun than 0,8P AU and do not change appreciably over the distance range of 
the Pioneer 6 observations. 

Observations by Pioneers 10 and 11 at heliocentric distances between 1 
and 8.5 AU (Tsurutani and Sntith, 1979) extended considerably the study of 
the properties of DP's as funotlc^s of radial distance. The rate of 
occurrence was found to vary substantially from day to day and from one 
solar rotation to the next. The latter slow modulation is indicative of a 
cor relation with ciianging solar conditions. A clear decrease ih the rate 

of occurrence With increasing radial distance was found, amounting to 25> 

41 

per AU. It was interpreted, however, as being possibly only an apparent 
variation due to the failure of increasingly thicker DP's to satisfy the 
Tsurutani and Smith (1979) identification criteria. Results were 
interpreted to be consistent with the origination of DP's near the sun and 

subsequent convection outward by the solar wind, in agreement with the 

/\ 

conclusion from the Pioneer 6 Results. 


The first opportunity to study DD chersoteristios ovor • wide rings of 
ridiii dlstinoe inward from 1 AU toward the sun, which is the principal 
subject of this paper, was provided by the Hariner to spaoeoraft, which 
performed measurmnents of the IHF and solar wind between 1.0 and 0.46 AD 
during the period 3 November 1973 and 14 April 1974 (Behannon, 1976). The 
spaceoral't carried a dual triaxial fluxgate magnetometer system which has 
been described in detail by Seek et al. (1977)* the calibration techniques 
used for this experiment and the accuracy of the data are described 
elsewhere (Ness et al., 1974; Lepping et al., 1975). The Mariner 10 DD 
study consists of two major parts: (1) The determination of daily 

occut^nce rate of DD's over the 5-1/2 month Mariner 10 primary mission 
per:^i using a computer-automated procedure ; and (2) an investigation of 
the statistical properties of DD’s, including classification as RD’s or 
ID'S, at three different distances from the sun using fine-scale (40 ms) 
vector data and employing a minimum vp|'iance analysis. The study considers 
magnetic field data only; solar wind proton measurments were not performed 
on Mariner 10. The oiasaifioation of a DD as an RD or TD has been guided 
by the results of an error analysis which Included simulation studies. 

These results and their application to ^iariner 10 have been y^iscussed in 
detail by Lepping' and Behannon (1980), henceforth referred to as paper i. 
Subsequent bo the Mariner 10 mission, the region of space between 0.3 and 1 
AU was surveyed by the Helios 1 and 2 spacecraft. In the Summary and 
Discussion section, we compare the Mariner io results with those from 
Helios (Neubauer and Darnstorf, 1980; Barnstorfi i960), as well as with 
previous studies at 1 AU (Burlaga, 1971; Eurlaga et al., 1977) and the 
Pioneer 10 and 11 results (JL’surutani and Smith 1979) . 

DD OCCURRENCE RATE; A SURVEY OF DATA 

o ‘ 

IMF data in the form of 42 s vector averages for the period 3 November 
1973 to mid April 1974 were examined by a computer program for the 
automatic identification of DD's. For purposes of this survey a DD was 
defined as a change of at least 3Q° in field direction in 42 s. Various 
checking interrogations are performed in the program to aid in properly 
identifying the DD's so that waves with periods near 42 or 84 s are not 
mistakenly accepted as DD's, for example. A description of the program is 


Riven by Seri (1972). Figure i gives the results of the automated survey 
in terms of the daily average of the number of DD's’ per hour as a fbnotion 
of R, the normalited heliocentric radial distance, Iven though thero is ^ 
considerable scatter in the data, a clear increasing trend with decreasing 
heliocentric distance (r) is seen. A least squares fit to these data 
yields N « (r/R^)"'' where R^ s 1 AU and s 1.2$. The generality 

of this expression for o.b6 < r < i AU is not known; strictly it holds for 
the epoch considered, but possibly indicates the proper quantitative trend 
in general. Ro correction was made in this analysis for the azimuthal 
speed of the spacecraft, as has been implemented for the Helios analysis 
(Barnstorf, I960). For Hariner effect on the data would have been 

at most only marginal right at periheliob. 

. o 

Considerable structure can be seen in the occurrence rate data. 
Reference to the magnetic sector polarity pattern included across the top 
of the figure suggests strongly that at least somc) of the structure in the 
occurrence rate is related to the large-scale structure of the inter- 
planetary mediuii during this time. A comparison of the discuytinufty r^^e 
with the hourly average field magnitude suggests that the maximum counts 
generally occurred during the few days imnediately following the passage of 
compressed fields at the leading edges of high speed streams. 


rv 

That the DD occurrence rate observed by Hariner ID is structured into 
a recurring pattern of variations which is related to the magnetic polarity 
and field magnitude patterns supports the earlier conclusions of Belcher 
and Davis (1971) and Ness et al. (1971) that the pv*operties of the 
interplanetary microstructure are correlated with the large-scale solar 
wind stream structure. The latter study bases the association on the 
observations by Burlaga et al. (1969b) that magnetic field fluctuations 
with periods in the range 1 minute to 1 hour are related^^to the proton 
beta, together with observations of a rise in proton beta with rising flow 
speed. This leads to the expectation of quiet fields at low flow speeds 
and disturbed fields at high speeds. Belcher (1975) also has suggested 
that there may be a short-period "clumpiness” to the occurrence rate for a 
given type of discontinuity that is related to the large-scale structure. 
The Mariner 10 discontinuity data used in the automated preliminary survey 
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of this section were not separated by type, ite., by RD or TD 
identification. 

Also shown at the top of the figure is the helipgraphic latitude of 
the spacecraft during this mission. One could also argue in this case that 
the varietion is one with latitude rather than distance. We feel, however, 
that it is less likely that the DD occurrence rate would have continuously 
increased so systematically in going from northern to eouthern latitudes. 

STATISTICAL PROPERTIES OF DP'S 


Magnetic field data in the form of 1,2 s averages taken during 
separate periods A-17 November, 5-12 February, and 3-10 April, 
corresponding to the heliocentric distances of 1.0, 0.72, and 0.M6 AU, 
respectively, were visually surveyed and sets of candidate DD's identified. 
Use of a visual survey approach permitted a degree of flexibility in 
interpretatiQiQ and q^uality assessment on a case by case basis that would 
require a high level of sophistication in an automated procedure. Further- 
more, it avoided having the selection process deliberately rate-limited. 
Broader, slower structures than those permitted by the criteria of a 
direction change of >30° in 30 s (or 42 s>, for example, can be admitted 
when they appeared to differ from the more rapid directional variations 
only in time scale. Figure 2 includes examples of candidate discontinui- ° 
ties that were narrow (a) and brd- ;,u (b) in time, in principle, transition 
durations up to one minute were allowed, but none exceeding 45 s were 
found. Also, none of the cases selected had a rate of variation that 
actually exceeded one degree per second, although in one case that rate was 
equaled (Figure 2). In addition, a few DD's with discontinuity angle u < 
30° were also tentatively selected as candidates when they were exceedingly 
smooth and sharply defined. 

Principal goals were to determine the type and radial dependence of 
the DD'sTs> There existed a relatively stationary stream and magnetic sector 
pattern du(/ing the 0,72 and 0.46 AU observations, and there was an attempt 
to stud/ the same regions of the corotating structure in each case. The 
0.72 AU period was bounded at the start jby the Venus encounter, thus making 
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fcfie totsl tiff in that infc«»‘v»X aboufe half of thtt ut 1*0 AU* At th* othtr 

end, the 0,46 AU data ft^^riod was llniited by the end of the priwapy mission 
data coverage, and was approitlmately equal in length to the 0,72 AU period. 

Initially 750 OO's were individually identified, all of which were 
subsequently analyzed by the Sonnerup-Cahill (1967) minimum variance 

0 

method. Ihis is a means of estimating the discontinuity plane normal (6) 
along which the difference vectors ylthin the discontinuity zone have 
minimum variation, where ® ^1 " i « 1, ,,, *hd where <l|^> 

is the average field across the zone (see Figure 6 of Burlaga et al», 

1977 ), Ih the case of an ideal TD, all of the B^’s lie in the 
discontinuity plane; this is not the case for an RD, which has a constant 
component normal to the discontinuity plane. For both types, lies in 
the discontinuity plane, that separates the ideal definition (rm 
actuality in these definitions is the existence of field fli^|t|4tidns near 
and within the DD that occur on time scales associated with the scale 
length of the Df itself but having magnitude change* usually small eom pared 
to the discontinuity component changes (see Paper 1), 

The minimmi variance analysis was applied to 40 ms field measurements, 
and for each event various- characteristics of the discontinuity were 
estimated, such as; v 


B, 

the average field magnitude ,<|B| > across the DD; 


u, 

the angle in the discontinuity plane from the first to last 
vector observed within the current sheet; 

type, 

TD or RD; 


T, 

the thickness of the transition zone (i,e., the current 
along the fi-direction; 

sheet) 

♦k* 

the longitude of the DD normal, and 


®N* 

the latitude of the DD normal in a spacecraft centered 

solar 


;? 


0 
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equatorlil plane ooordinate aystenti bhtre ^ ■ 0^^ la toward the 
sun and positive e is ** northward"; 

|B^)i the absolute valde of the average of Ihe estinated normal H 
oompohent aoross the DD; j 


0, the discontinuity cone angle between the normal direction 

(defined as the 6-direction) and <6>; i.e,, g ■ cos‘*\( |Bjj|/b); 

the rms deviation of the normal component aoross the DD; 

the ratio of the intermediate to the minimum eigenvalue of the 
variance ellipsoid from the minimum variance analysis (see 
Sonnerup and Cahill, 1967); this ratio is a partial measure of 
how well the minimum variance plane is determined; and 


the rma deviation of the mag nitude of the fi eld across the DD=, 


The above quantibles will be estimated and summarized in statistical 
distribution form separately, where applicable, for TD*s and RD»s and for 
the three locations: 1*0, 0*72, and 0**16 AU. Since unreasonably large 
errors in the estimate of the DD normalij occur when u < 30° and/or a^/a« < 
2.0 (Paper 1), we consider only those cases where w > 30 and > 2.0, 

which decreases the 750 trial cases to 6*J*< cases to be collectively 
studied* ° // 


Figure 3 shows t6^ percent distributions of the resulting eigenvalue 
ratios for the three chosen locations, which are the minimum, maximum and 
raid-positions of the spacecraft, in heliocentric radial distance (r) during 
the principal part of its mission. The three distributions are similar, 
approximating a portion of a normal curve, and showing that a small 
minority of cases lie above Xg/X 2 = 10* be see that the number of DD's per 
position increases rather markedly as r decreases, especially considering 
that 1*1, 7-1/3, and 8 days of data were inspected for r 5 1,0, 0*72, and 
0.46 AU, respectively* Thi% finding is qualitatively consistent with the 
occurrence rate result from the automated survey described above. ^7 
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Figure i| gives the peroetifc aistribufcions of the reletiy# noreiil 
component, for the three looetions# RegerdJess of the feet thet 

meny more CD’s ooour it 0.»I6 than at 1,0 AD, the alatributions ere very 
simiXar, The discontinuity oone engie et« cos“^ (|Bp)/B)3 is eUo shown et 
the bottom of the figure, Aooordtng to a DD simttlefctsjji studj^ (PaperVi) a 
reasonable value of g to use for separating disoOnWhUibie# by type u 
T2.5° Cor |Bp|/B * 0,3), with a m% prdbablUty that RD*s lie to tJl right 
Of that value (g < 72, &°) for the Pariner 10 data set, o 

In this study we shall olassify the Bp's aooo>*ding to type by this 
criterion and study them separately, especially withHrespeot to their r 
dependence. Notice that Figure A tells us that a maximum estimate of the 
ratio of ID’S to RD*s in the regionSj^ investigated was approximately unity 
(i,3» 1*2 and 0.79 atff^ 1,0, 0.72 and 0.^16 AU, respectively, within 


roughly the same recurrent sector region), i,e,, if all events to the left 
of 6 s 72,5 abe assumed bo be TP's. It was found that the overall ratio of 
TP's to HP's (for the same assumption) increased for lncrea|iing r as the 
minimun allowed eigenvalue ratio Xg/X^ was increased from 2 to 6, i.e,, as 
we became more restrictive, is, of course, unreasonably restrictive. 

■ f 1 " ■■ ' 

Another Simple disorimpata/r can be applied to help separate TP's and 
RP's which involves the change m field magnitude, or fluctuations in 

magnitude, across the discolitinuity, as measured by Op/F defined in figure 

// ''' *' 

5, The figure shows a scatter diagram of op/F versus g for the 1,0 AU 
data. Ideally, RP's in a nearly thermally iSotropio solar wind should have 
no field magnitude change aVgss the transition zone. Hence, we choose to 
restrict RP's at° 1.0 AU arbit|'arily (based loosely on the Op/F 
distribution) to those with Op/F < 0,09; this upper bound is shown in 
Figure 5 as a horizontal line. The vertical line at g = 72.5° is the IP-RP 
separation line previously discussed. The top-left box (n a 10) contains 
"RP" cases which we will discard af being too poor in quality to retain. 

The bottom-left box (n s 62) consists of "clean" RP'Jsr, i.e., high quality 
cases. Likewise the top-right box^ (n = 29) consists of "clean" TP's, and 
bottom-right box (n = 62) is composed of^a mixture of TP's and RP's, but 
probably predominantly TP's as previous study has shown, at least at 1 AU 
(Burlaga, 1971), If, for instance, the population of clean RP's is 
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disfciribufctd udiforwly in i, «s th# fliurt «•«»» to Imply for 15® < p < 

72.5® (and 19 the bottom pan«l of Pigurt H also 8howa» to ■ good approxi- 
mation), than thara ara i*08 RD'» par dagrat of g. Baaad on thia , 
assumption for all g thara is axpaotad to ba 19 RD*s in tha wixad 
(bottom-right) box, whioh is 31JI of tha total numbar of mixed oasas, 

1/ In & later discussion of the ralativa numbers of HD’s and TD’s, wa 
shall usa the abova estimate to specify a louar limit on the ID/RD ratio. 

For purposes of separately studying the statistical propdi^tlas 
types of discontinuities, however, we shall simply assume that all DD^i 
with g > 72 » 5® a>*« ID'S, since we are unable to Identify,; DD's 
in the mixed set whioh are in fact RD's, It should, how^eVer, be kept in 
mind that some unknown fraction of these "mixed” DD's, possibly as large as 
31Jt in the case of the 1 AU data, could in reality be RD's. Thia dilemma 
would not be resolved by excluding from consideration all cases falling 
within an "uncertainty band" of g centered %n 72.5° or extending from g s 
72,5® to some lower value. Since there is no a priori reason why RD's 
should have only low values of g, and the measurements suggest that they do 
not, such an exclusion of oases would most certainly discriminate against 
RD's and thus would bias the estimation of the relative numbers of each 
type. If the only objective is to study properties of RD's and TD's 
separately with no concern for relative abundances, then such an exclusion 
could produce sets which are more purely RD's or TD's. The purity of the 
TD set in particular willo always be questionable, however. It should be 
noted that there is also a chance that a small number of oases falling into 
the lower left-hand box of I^igure 5 could actually be TD's as a result of 
the effect of a variation in field magnitude within some of the DD's on the 
minimum variance analysiso results (see Paper 1). Simulation studies have 
shown that a small fraction (no more than 2g) of the total cases in which 
TD's have been erroneously identified as RD's due to field magnitude 
variation can get through the Xo/X, and Op/F screening mechanisms to 
contaminate the results. Since the estimated number of cases involved is 
so Small, we shell jjeglect this additional potential source of error in our 
statistical stidies. 

Figure 6 is similar to Figure 5 except that in this case r s 0.72 AU. 


Here ^h« upper bound on Op/F for clean RD'a was chosen fco be O.P5§> l.e,» 
the 0i72 AU RD-oandldate set had slightly less magnitude variability than 
the 1 AU set. In most general reapeots Figure 5^s ooeaients hold for Figure 
b as well. Again .if RD's are distributed uniformly in R (Justified over 
the domain 0 < F < 72.5® by the center panel of Figure <l), there should be 
27 (or ^11) in the mixed, bottom-right, box of Figure b. Figure 7 shows 
coeiparable results for the O.^ib AU position, where there is estimated to be 
HZ RD's in the mixed bbx, i.e;, Notice also that there was a larger 

proportion of large Op/F ID cases (arrows at top-right) than for the 1.0 or 
0.72 AU sets, and the candidate RD^s were intermediate in magnitude 
variability, where the clean RD upper bound on op/F was chosen to be 0.07. 
If one calculates the ratio of the number oi TD*s (full set) to the number 
of clean RDls, one obtains 1.5, 1.2 and 0.8b for i.o, 0.72 and O.^b AU, 
respectively, indicating possibly a significant trend in radial occurrence 
rate with respect to type, This trend is qualitatively maintained even if 
only clean TD's and clean RD's are used, except each ratio is decreased by 
a factor of u. 3, but this is probably not a reasonable means of sstimating 
this ratio. When the upper limit estimates on the numbers of RD's are used 
(i.e., using assumption of uniform distribution of RD's per degree of g for 
ail e), the respective ratios of TD's to RD's become 0.89, O.bb and 0.i<3, 
lower than the first set by a factor of </<2, but maintaining approximately 
the same trend. [Notice that; the assumption of a uniform distribution of 
RD's over g does not hold quite as well at O.^ib AU, a^^ the top panel of 
Figure 4 indicates,] Of additional interest in this limiting case is the 
fact that the estimated number of TD's remains nearly constant at the three 
locations (N s 72, 7b and 78, respectively; although recall that the number 
of days at each location is different), so that most of the change in the 
ratio TD's to RD's with decreasing radial distance is caused by an increase 
in the number of RD's. 


Figures 8 and 9 present the distributions of longitude (^|^) and 
latitude (0jj), respectively, of the DD normals with respect to type, 
location, and quality ("clean" or not). The figures also give the average 
field direction where the average was computed from the 

measurements within the DD transition zone for all of the events. Both the 
and 0JJ distribution seta are rather broad, probably due to the 


variability of the average field direotion on a fine time ai^ale, and 
therefore int^erpretation is diffioiitt, but some salient features are worth 
mentioning, first, we discuss the distributions for the RD's. Viith the 
exception of the 1.0 AU set, the distributions p^ak near an average of the 
^^g^'s and the radial directions, which is not unreasonable for the 
propagation direotion of steepened Alfven waves (Denskat and Burlaga, 1977; 
see also review by Behannon and Burlaga, 1980, and references therein), 

CThat the '•clean" peak in tends to shift clockwise for increasing r for 

" a " Q 

the 0.M6 and 0.72 AU cases is of questionable significance.] The exception 
at 1.0 AU may be due to a combination of some TD contamination plus poorer 
statistics than the other sets. The TD distributions are reasonably 
Well behaved in that they tend to have peaks approximately perpendicular to 
puzzling exception of the clean TD set at 0.46 AU, which very 
likely is due to field variability for part of the set. Recall that 
ideally a TD normal must be perpendicular to its transition zone field. 

The distributions are le^s interesting, showing mainly thi.i they 
are approximately symmetric about the solar equatorial plane and usually 
symmetric about the direction for both vV^es. The TD 0,, distribu- 
tions, however, show a tendency to possess hiilK (+/-) inclinations, i.e., 
they infrequently lie in a plane parallel to the'^olar equatorial plane; 
this is not as trUs for the RD distributions. 

Distributions of u, the discontinuity plane angle, are givan in Figure 
10 in the usual format. The broadness of the distributions is quite 
'^evident. The depletion of cases at small u is obviously in part a 
selection effedt whereby DD's with small u's were either deliberately, or 
unoortsioUsly ignored in the initialDvisual identification procedure. 
Therefore, the average u's, <u>, shown in the figure are of relative 
importance only. The RD's are„''clean" cases and the TD's are all those 
DD's where 0 > 72.5°. The most obvious property of these distributions is 
that for a given type <u> is independent of r. The 10° difference in <m> 
between the TD's and R0j)S is probably statistically significant. Consider, 
for example, the 1.0 AU\ase where RMS {u} Is 38.5° for RD's and 32.2° for 
<> TD's for Npp = 62 and = 91 (See Table 1). This yields RMS//R s 4.9° « 
and 3.4°^for the RD's and TD's, respectively, or a net pythagorean mean 

■r ^ " 
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a«vinWon t»f 6,0'^, ifas than fcht dimranoa in <w>» Tht n«fe «mn for 

th» 0*72 AU set is liktwiae 5*1® ion OJjO AU is (S«« 3)» 

the lo’^ hiiienenee in ihe <«>*» is appenently due to the near abaenoe oi 
tO’a with ISO < w < 180®, ns eoeipsneO to the fiO dtstnibutton* there does 
not ibpear to be a siethte exblMatlon I'or this dlfferenoe, ^nleaa it ia 
aaaooleted with oomiparebive errors in eatiwotirig w for the different tynea 
Thit ia, for e true to, or an RD that appeara to be « TD (through error in 
the normal eatimation), the u-eatimote will be aoourate or underestimated . 


estimated w will ooour* For an RD that oan be identiftSd as an RD, but 


smaller depending on the sign of the error on the normal oosiponent, The > 
net effeot would likely be the positive 10® (or whatever) differenoe shown 
in Figure 10, If this is the case, it is not noteworthy, but the 
oonslstent result for w for the three looations la still thought provoking, 
It^^is not surprising that th#most pfobable w, W|^ and <w> are ^ 80® for tlie 
iD*s, sinoe t’D^o are most stable at « §0® (8en, l§63t » 

and if Wj,j and <w> are on average underestimated by 10® or so, the results 
are in reasonable agreement with theory. 


ke now oonslder a more physioally interesting property of the OD's, 
their thiokneaWs. in order to estimate the thiokness of an interplanetary 
tiiisQontlnyity, it is neoesaary to knowi (1) the speed at which it is 
Qonvected past the spaoeeraft^i (2) the attitude of the disoonttnulty plane, 
l,e,, its normal i (3) the passage interval, = and (4) if an RD, the propaga- 
tl<|ji velOQlty relative to the solar wind, the third entity is usually 
well-determined and the second is estimated, but with oonslderable error on 
Qoeasion, Since solar wind proton data was not available on this mission, 
the solar wind speed was assumed to be 400 km/s at all three looations. 
this ia a reasonable Assumption, since the data seta were not assooiated 
with high speed regions . Also, the available results"^ of Mariner 10 


electron anSAysis lend support to tnis asstnuption (scuacier ana oioert, 
1979), the relative speeds of propagating discontinuities (RO's) were a 
unknown, but expected to be tjuite aaiall relative to bulk flow speed, and 
therefore were neglected in this study, the resulting discontinuity 
bhiokness distributions are shown in Figure 11. In all oases, the 





thickness is the distance across the current sheet ccnprising the 
discontinuity transition zcne in the direction normal to the discontinuity o 
plane. Again the RD*s are •’clean” cases and ths TD's are all those DD's 
Inhere $ > 72.5®» 

At a given location, <t> is similar for the TP and RD distributions; 
the slight differences are not statistically significant as Tables 1, a, 3, 
row 3 indicate, when RKS//Ii is determined. The most marked feature of the 
distributions is the strong trend for <t> to increase with increasing 
radial distance independent of type: 1,200 km, 1,600 km, and 2,700 km for 
0.i|6, 0.72 and 1.0 AU, respectively. Also when that small percentage of 

/j 

oases with t > 56,000 km are ignored, the TD distributions are, at all 
locations, narrower than the RD distributions, even though <t> is 
approximately equal for both types at a given location. The RD 
distribution at 1.0 AU is especially broad, possibly ^^ue in part to 
marginal statistics. The strong variation of thickness with radial 
distance from the sun obtained in this analysis could not have resulted 
artificially from our assumption of a constant solar wind speed throughout. 
Assuming bpo km/s to be correct at 1 AU, to force the observed effect the 
average speed would have had to have been 533 km/s at 0.?2 AU and 900 km/s 
at 0.t6 AU, for the same average thickness at the three locations. If, on 
the other hand, qoo km/s was the correct speed at 0.72 AU, average speeds 
of 300 km/s at 1 AU and 675 km/s at 0.^6. AU would have been required. Such 
large-scale radial speed gradients are unrealistic. Smaller errors are 
undoubtedly introduced by our simple constant speed assuniption. 
Specifically, use of an estimated constant speed, instead of the actual 
local speed for each DD, must be partially responsible for the broadness of 
the thickness distributions. However, accounting for such errors would not 
significantly alter the resulting average or most probable value for the 
thickness distributions. 

Figure 11 shows that there is a decrease in average DD thickness of 
i|0i between 1.0 and 0.72 AU, and >/' S’!* between 1.0 and 0.46 AU. This 
decrease of average thickness as r decreases is in qualitative agreement 
with Pioneer 10 observations between 1 and 8.5 AU (Tsurutani and Smith, 
1979). When the "thickness estimate is normalized i^;ith respect to the 


estimated local proton gyroradius (Rj^) for eaqh event separately, however, 
the average thickness (t^^) forleach of the six distributions (i*e,, for all 
r and both types) is nearly ccjnstant, 43 i 6 R, , as Tables 1, 2, and 3i row 
4, indicate, /; 

The estimate of the local gyroradius that was used in each case was 
computed from ^ 


/ •' \ 
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where V Was assumed to be the proton thermal speed, and where the proton ® 
mass, tiip, the speed, of light, c, the unit of electron charge » e, and 
Boltanan's constant, k, as well as scaling factors, have all been absorbed^ 
into the constant factor. For the temperature, values from the one fluid 
model of Whang and Chang (1965) were used, ranging from 0.6x10^ °K at 1 AU 

\ \ 5 0 

to 1.3x10 K at 0.46 AU. The gyroradius correspondingly varies from 330/B 


to 480/B; (in km) over the same range, where B is the average field 
magnitude hT. For example, for B s 6 and 20 nX at 1 and 0.46 AU, 
respectively, values of Rj^ = 54 and 24 km are obtained for the two 
distances. Use of a different temperature mpdel would obviously change the 
results to some extent, but since the temperature dependence of Rj^ is a 
weak one, the result is not changed appreciably. For example, by using the 
proton temperature distance dependence in the two fluid model of Hartle and 
Barnes (1970), a similar constancy in thickness (normalized by Rj^),over the 
three locations was obtained as with the estimates based on the one-fluid 
modelrnof Whang and Chang (1965). « 


^^^les 1, 2 and 3 also give a statistical summary of other various 
relevant physical^ properties of the DD's according to r and type. 

An attempt was made*to find a possible relationship between 

<<1^ 

discontinuity thickness t and the size of the discontinuity angle u. A 


■i 
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gr«at deal of scatter in t across the full range of w was found at all 
three locations. The results are summlirized in Figure 12 in the form of 
averages over 20° intervals of u. Ttie vertical bars associated with each 
of these mean values express the scatter (uncertainty) of the thickness 
data in that w interval in terns of the standard deviation of the t values 
about the mean divided by where N is the number of values within the 
interval. As can be seen, no obvious general relationship exists between t 
and Id. 
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SUh^ARY AND DISCUSSION OF OBSERVATIONS 


We provide here a brief summary of the results in the order that they 
were presented: 

1. Tite average number of DD’s per day decreases with increasing 
heliocentric distance (r), with large variability, and is 
approximately described by: Rate s 1.25 1 O.^l i). 


2. To a first approximation the distributions of the ratios of 

intermediate bo minimum eigenvalues (Xg/x^) ere normal and rather 
broad, and appear independent of r. (Figure 3)* 


3, The relative normal component (Bj^/B) distributions are similar for 
the three locations of interest (i.e,, at 1,0, 0.72 and 0.t6 AU), 
and, for a simple partition value of B^/B e 0v^3. the ratio of the 
TD’s to RD*s for these locations is l.3i 1«2 and 0.79i 
respectively (Figure <<). 

<1. When Oc>/F versus 0 is used in conjunction with B„/B = 0.3 as a 

fl ' 

discriminator of TD’s and RD's, the upper limit for the ratio of 
the number of ID'S to the number of RD’s becomes 1.5, 1.2, and 
0.86 for 1.0, 0.72 and 0.i<6 AU respectively. (Figures 5, 6, 7). 
Assuming a uniform distribution of RD's per degree of 8,^ the 
discontinuity cone angle, yields lower limit^ estimates for these 
ratios of 0,89, 0.66, and 0.t3, for the respective locations, but 
the proportional change with r is similar to the upper limit 
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eafcimafct. 

5, ^ Itie distributions of th^ longitudts of the TD normals (>|^) tend to 
have peaks approximately perpendicular to the average field for 
the "full" sets, as expected, but are broad. The longitude 
distributions for "clean" RD's are also broad with peaks near an 
average of the radial and long-term average field longitude 
directions for the 0.46 and 0.?2 AU positions. Also the peak for 

these two distributions tends to shift clockwise for increasing r. 

0 

(Figure 8). 

(.6. The distributions of the latitudes of the normals (6jj) are 
approximately synmetrio about the solar equatorial plane and 
usually symmetric about the long-term field latitude direction for 
both TD's and RD’s. The TD distributions, however”, show a 
tendency to possess either a high or low inclination, especially 
for the "full" sets. (Figure 9). 


The discontinuity angle (u) distributions are independent of r for 
a'^given type, giving <o)> a 90° for RD’s and <(o> = 80° for TD's. 
Even though these distributions are broad this difference in <u> 
by type is' significant. There is a near absence of TD's with 150° 
< w < 160° (Figure 10). o 


The average DD thickness <t> increases markedly with increasing r: 
v"1200, v^ieoo, and ^2100 km at 0.46, 0.?2, and 1.0 AU, respec- 
tively, independent of type, and the distributions of t are broad 
at all locations. The TD distributions are slightly narrower than 
the RD distributions when those cases where t > 56,000 km are 
ignored . ( Figure n ) . 


When the pD thicknesses are normalized with respect to the/ local 
protdn gyroradius (tj^) for each event separately, the average 
thickness for all r and both types is nearly constant at 43 ± 6 
proton gyroradii. (See Tables 1, 2 and 3, row 4), 
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10. No obvious gentral rslstlonshlp exists between t and u (Figure 
12 ) » 

Allowing for the ambiguities and variabilities mentioned in the 
Introduction and dispussion of figures (e.g., occasional uncertainty of 
type and time variaplity of DD sample) , we will assume that this summary 
of observations reasonably represents average oharacteristics for the 
region < r < 1.0 AU| independent of longitude about the sun, during 
the time of the Hariner 10 observations (Dec. 1973-April 197*0. 


^ It is of great interest to compare the Kariner 10 DD results with 
those of studies based on data from other spacecraft. Of particular 
interest is an interoomparison between Hariner 10 and Helios Vesults, since 
the Mariner 10 heli0cen€i^^:O distance range was included within the Helios 1 
G and 2 ranges, which extended from 1 AU to 0.31 and 0.29 AU, respectively. 

As will be shown in the fallowing discussion, there is considerable general 
agreement but also points of disagreemerit between the two sets or results. 
The differences are not completely understood, although undoubtedly some of 
them are attributable to (a) different event selection techniques (manual 
selection for Mariner 10, machine selection for Helios), (b) different 
numbers Of events in the /^^atistios (a total of 6A4 DD's in the teriner 10 
set, and 1427. in some cases even more, in the Helios set); (c) different 
time periods of data coverage (Helios 1 launched Dec. 10, 197*1 and Helios 
2, Jan. 15, 1976 compared with the Dec. 19, 1973 - April 197^1 period for 
the Mariner 10 study); (d) different latitude coverage as a function oi 
solar longitude, which can make a difference since there is a dependence of 
the occurrence (and possibly other properties) of DD’s on Vgj^ (Barnstorf, 
I960); and Vg^ varies not only with longitude but also can vary markedly 
with latitude; and (e) closer approach to the sun by the Helios spacecraft 
than the 0.*l6 AU perihelion of Mariner 10. Most of these points apply to 

comparisons with data from other spacecraft as well ae with those from 

f 

Helios. n 



Concerning point (a) , we shall not discuss our selection procedure 
further here, except to emphasize that we believe it gives better quality 
control on events selected (i.e., it provides d’ertainty with regard to the 


19 


Qrx, 


detailed appearance of the events) at the saorlfioe of nunber of events 
U.e., some events must unquestionably be overlooked), as implied ih point 
(b). Although no constraints aero placed on the rate of change of the 
field for the Hariner 10 study, none of the events we selected violated the 
tightest rate-limiting constraint generally used in automatic selection; 
l.e., one degree per second was the slowest rate allowed. 

The first item in our results summary on the decreasing DD occurrence 
rate with increasing heliocentric distance (r) implies either that CD's are 
generated closer to the sun than 0M6 AU and appear to decrease ih number 
with increasing r due to their sip^tflal distribution as they travel outward 
or that the ratio of .^generation rate to disappearance rate becomes smaller 
as r increases, it is conceivable that both possibilities are operative. 
Between 1 and 8.5 AU, Pioneers 10 and 11 also found a decreasing rate of 
occurrence with increasing distance (T,surTulani and Smith, 1979). Large 
variations from day to day and even from solar rotation to solar rotation 
were found, but the results implied on average 2^S per AU radial gradient, 
hariner 10 found a decrease of 66H from 0.46 to 1.0 AU. As indicated 
earlier, for this part of the study, hariner 10 also used an automatic 
selection procedure. E3(tending the best fit power law (Figure 1) predicts 
a perc:4nt rate of decrease which reduces for each 1 AU range, with a 
decrease of >/<141( being predicted for the range 8 to 9 AU. The average for 
the 6 1-AU lhter\Pals between 1 and 9 AU is found to be 28*, not very 
different from the average 25> gradient derived from the Pioneer 
observations. 

Also Helios 1 and 2 found a decrease in average occurrence rate with 
increasing distance (Barnstorf, 1980), but with somewhat smaller overall 
variation than seen by hariner 10. Note that the Helios data were 
corrected for azimuthal spacecraft speed relative to the rotational speed 
of the sun. This correction increases the count rates, most markedly near 
the sun. Helios 1 found a decre^je from g.4 to 1.4 DD* s/hour between >/'0.3 
and 1 AU, and for Helios 2 the rate decreased from 2.6 to 1.2. This gives 
percent rates of decrease of and 54>, respectively, over the ranges of 
observation. Thus it appears that a decrease in occurrence with distance 
has been observed by all deep space probes with which DD'S have been 
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studied, although the rate varies with tine and radial distance. 


Tsufutani and Smith (1979) concluded that the decrease in rate found 
by Pioneer 10 could have been a selection effect related to the observed 
increase in thickness with distance. That is not as likely to have been 
the case for Hellos or Mariner 10, since generally thinner sbructures are 
observe^ inward from 1 A(J, and thus they usually Would not exceed a fixed 
maximal thickness selection criterion appropriate for i AU. The physical 
imputations of an occurrence rate decrease with greater distance from the 
will be discussed in the concluding remarks. 

The secp^ii item in our results summary >*) 

indicates that the degree to which one may define a discontinuity plane for 
a DD is on average independent of r. This has not yet been studied 
separately for TD*s and RD*s. q 

o 

The Hellos results offer the only possibility for direct comparison of 
relatlvs normal component dlstfibutions tsunniary items 3 and ^<). In order 
to compare the Mariner 10 DD's by percentage of type (i.e., TD*s vs. RD's) 
with the results ®f Helios (Barnstorf, I960), we now split up the distri- 
bution of by leaving out an "uncertainty band" over the domain 0.3 < 

<0.7, as was done in the Hellos study. Then considering the 
number of cases for which < 0.3 (which we generally classify as TD*s 

and which constitute the primary peak in the distribution), we find that 
there is a combined total fraction (for all r) for teriner 10 of i|9Jt, or 
separately 56J, 55%, and for r e lio, 0.72 and 0.^*6 AU, respectively. 
These values are to be compared with ^10% for Helios (for all r) . Simi- 
larly, comparing the fractions with Bn/<B> > 0.7, we have 2^1% for the 
Mariner 10 total, and 18%, 23% and 28% separately at 1.0, 0.72 and 0.H6 AU, 
compared with a 32% total for Helios. This gives the ratios (% < 0.3)/% > 
0.7) = 1.25 for Helios compared with 2.0^ for the Mariner 10 total data and 
3.11, 2.39, and 1.57 for the three Mariner 10 locations separately. Thus, 
at all distances Mariner 10 found relatively fewer cases of large relative 
normal DD's that could be interpreted with certainty as RD's. Further, 
Mariner 10 saw a 57% increase in B„/<B> >0.7 cases between 1 AU and 0.^16 
AU (relative to 1 AU), and a 21% decrease in B^/<B> < 0.3, consisteht with 
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our pr«yious oonoluoion th«t th« ratio no. TD*s/no. RD's inoraasad for 
r. 

O 

(V 

Tha ratios givan above are to be compared with the TD/RD ratios 

o 

determined simply on the basis of using * 0.3 as a partition 

boundary (item 3 in our summary) o? with vs g used as a disoriminator 

(item 4), which gives slightly higher values that range from 1.5 to 0.86 
for r s 1.0 to 0.46 AU. The result in item 3 is indirect evidence that 
the relative number of TD's to RD's^deoreases as r decreases. If, indeed, 
the DD's are generated primarily near the sun, this observation implies 

4 > 

that RD*s disappear more easily than TD's ori average. Item 4 confirms this 
supposition, where a more strict discrimination was used in determining 
type. Although different criteria were used for Helios, a refined ratio of 
the number of TD's to the nunber of RD's e 2.0 was determined for those 
observations (for all N), where again TD's were defined for < 0.3. 

For RD's it was required that >0,5 must hold and, in addition, two 

angles a and g (which are functions of gpl bad to fall within 

certain ranges; specifically; 3Q®<a<60°, 0°<g<30®, and 150°<g<160°, where a- 
s tan“^ (/4it/p' lv|/|Bj), g B cos“^ (P (v • B)/ (r * B|), v s and 6 

= - Bg/pg, where the subscripts 1 and 2 denote the two sides of a DD. 

In DD survey studies at 1 AU using Explorer 43 measurements, Burlaga 
et al. (I977) determined no. TD's/no. RD's = 2.8, assuming that B^ < 2 nT 
identifies TD's and B^^ > 3 nT signifies RD's at 1 AU, For w > 30°, there 
were 122 of the former and 43 of the latter, for a total of 165 DD's. 

Those authors felt that their determination was not unambiguous, however, 
since cases with smal^ w (< 30°) were excluded from the study. As 
indicated earlier, such^l an exclusion is a practical necessity, since for u 
< 30° the errors in estimated normals become unaoceptable large. In a 
previous study, Burlaga (1971) concluded that < 25H Pf his cases could be 
RD's. Belcher and Solodyna (1975) concluded that > of their oases Were 

RD's. Subsequently, Solodyna et al, (1977) have found that TD's dominate 
in 1q,w velocity solar wind and RD's dominate in hllgh velocity wind. This 
is consistent 4ith there being (relatively) fewer RD’s in the Mariner 10 
data set than in the Helios set, sincj? the three teriner 10 intervals were 
selected to correspond to predominately moderate speed solar wind, whereas 
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th« Hello observations were taken during both low and high speed solar wind 
periods. 

li 

0 ' 

The next DD property which we studied was the orientation of the DD 
normals (items 5 and 6 in the summary) expressed in terms of longitude 
angle, and latitude angle, d|^. The Hariner 10 4^^ distributions show 
that TD normals are most likely to be oriented perpendicular to the 
long-term mean magnetic field. (On a short time scale this must be true 
ideally for a TD.) This result is in agreement with both Helios 

^ i\ 

(Barnstorf, I960) and 1 AU observations (Burlaga et al., 1977). The 
hariner 10 distributions show that there is also a tendency for the normals 
in some oases to be nearly parallel to the long-term mean field, viz., the 
secondary peak in the ^^ distributions. The RD f|^'s were found to be more 
broadly distributed in ay. cases i.e., more nearly isotropically distri- 
buted near 1 AU (Hariner 10 and i AU results of Burlaga et al., 1977), but 
with a tendency to become more peaked along the mean field direction nearer 
the sun (Mariner 10 and Helios). It is possibie that the smaller secondary 
peak near the mean field direction, in the ►toriner 10 ”TD” distributions is 
partially due to contamination of the TD’s by some fraction of smalVnomal 
RD's. 


As stated earlier, there is nothing particularly noteworthly about the 
distributions. They indicate that the normals tended to lie on average 
nearer to the solar equatorial plane than perpendicular to it (with the 
exception of the 1 AU TD's, where the most probable value was 50°), The 
RD's show again a tendency toward a more isotropic distribution than the 
TD’s. In these characteristics there is general agreement with the 1 AU , 
results of Burlaga et al. (1977) and the Hellos results (Barnstorf, 1960). 
The Helios measurements, however, gave a distribution for RD's with most 
probable ©,, « 0^ and with a symmetry,gbout 0 not found in the other 
observations. 




Our study of the discontinuity angle u (summary item 7) shows that u 
is independent of r for both RD's and TD's. The Helios results have 
confirmed that conclusion. The latter results have suggested, however, 
that there is a dependence on the macrostructure of the IMF.. There is a 
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rtliitiv«ly i^idt r«iic« of valuta for <w> amonc the rtaulta of the various DD 
studies, with the highest average valuf>s being those fron Mariner 10. A 
Qoiipariaon of the resoeotive distributions suggests that for Mariner 10 
there were relatively fewer oases with 30® 5 » < ^ 3l<»f«e fraction of 

the oandidat<|/DI)'8 with w in that range were found to have ^ 

disqualified them from consideration, as was the case for almost all 
"Candidates with u < 30®. Also, in sqne of the other DD investigations the 
angle studied was^ actually the angle of rotation of the total field across 
the DD, which is identically equal to u for ideal TD's but less than u for 
RD's. This would contribute to & smaller average value than would be 
determined for u. 

a 

f" 

The final DD property of interest was the thickness, both in km Ct) 
and ion larmor radii (tL)f and itsWarlation with r. The Mariner 10 
thicknesses in km (summary item 8) are generally consistent with the Helios 
TD results. However, where Mariner 10 found the RD thicknesses to be 
comparable to those of the TD's, Helios found RD's to. have almost double 
the average thickness of the TD’s, In terms of gyroradii (summary item 9), 
a value of *^3*6 R^ is estimated for both tp^s of DD's and all r for 
Mariner 10, compared with m Rj^ for Helios for a tlfi^lar composite data 
set. Some of the difference in results for t may be^ue to the assumption 
of a constant Vg^ s koo km/s in the Mariner 10 analysis, but perhaps more 
likely it is due to the differences in selection procedures. As indicated 
earlier, there was no discrimination against broad structures in the 

i) 

Mariner 10 DD selection. It is of interest to note that these current 
sheets are thinner (in km) by an order of magnitude or more than the 
heliographio current sheet observed b^| Helios 1 on "sector boundary" 
crossings (Behaiihdn et al., I960). 

What can be concluded from these results? The Mariner io observations 
have confirmed that the solar wind is interlaced throughout with current 
sheets both in the form of static structures and discrete waves (RD’s). 

(The latter are found to be present in significant numbers.) These 
disconbinuities are important as soatterers of cosmic rays and they are 
known to influence geomagnetic activity. The decrease in occurrence rate 

T' 

with increasing heliocentric distance first observecrby Mariner 10 
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(bthannon, 1976) h«9 b«tn oonfim«d by th« Hollos 1 snd 2 spacioorift and 
probably also by Pioneer ip and 11, This result sugiests that either the 
DD*s are unstable or there eaista a geoaetrio effect in the spatiai 
distribution of DD's that produces the observed gradient. Ihe fact that OD 
thickness in ton is found to increase as r increases but remains approxi- 
mately constant in units of gyroradii implies th«t the current sheets are 
quasistationary, with the structure detensined by the proton drift current 
t). That this appears to be true for both TD’s and RD's suggests that RD's 
may not be simply the smoothly continuous tail of the Alfven wave distribu- 
tion, but may be distinct entities. The result that u is independent of r 
is also consistent with stability, or, if there is an instability 
operative. It is hot the Kelvin-Helmholtz instability. 

One is led to conclude that the most likely explanation for the 
dependence of occurrence rate on r is a geometric one and is related to the 
expansion of the solar wind, Vihether these current sheets are discrete, 
spatially-limited entitles like "leaves in the wind", are spherical shells 
or shell segments, or are filamentary ribbons connecting hack to the sun 
(or possibly have a still different configuration) has not yet been clearly 
established. Additional multi spacecraft studies may permit a resolution^ of 
such remaining questions as the spatial extent and shape of DD»s in the IMF 
and their stability in time. 

Acknowledgments 

We are grateful to L, F. Burlaga for reading the manuscript and we 
thank him and F.M. Neubauer for helpful comments on the interpretation. We 
also thank N. F. Ness, the principal investigator of the Mariner 10 
magnetic field Sxperiment, for his general suppefei and comments, and D. 
Howell and P, Harrison for the Mariner 10 data processing effort. 


R«ftrcno«9 


Barnstorf, H«i Strom so hiohten in intsrplanetaren Plasma, Ph.D. Thasls, 

Institut fuer Geophysik und Hataorologif , Tachnlsoha Universitaat 

0 

Braunsohwalg, Fedaral Republio of Gartnany, I960. 

Bohannon, K, W., Obatrvations of tho interplanetary magnotio field between 
0,46 and 1 AU by the Hariner 10 spacecraft, Ph.D. Thesis, Catholic 
University 1975; NASA/OSFC X-doouiient 692-76-2, January 1976. 

Behannon, K.W., and l.F. BurJ.aga, Alfvl^n waves and Alfvinic fluctuations in 
the solar wind, contributions to the Fourth Solar kind Conference, 
August 28-September 1, 1978, Burghausen, Federal Republic of Germany, 
NASA/GSFC TH 79711? 1978; to be published in conference proceedings, 

\ Ed. H.R. Rosenbauer, Springer-Verlag, I960. 

Behannon, K.W, , F.K. Neubauer, and H. Barnstorf, Fine-scale characteristics 
of interplanetary sector boundaries, submitted to J. Geophys Res. , 

1980. 

Belcher, John k. , Statistical properties of interplanetary microscale 
fluctuations, J. Geophys. Re^^ .. 80 , 4713. 1975. 

Belcher, J.k., and L, Davis, Jr., Large-amplitude Alfv6n waves in the 
interplanetary medium, 2, J . Geophys Res, , 76 , 3534, 1971. 

Belcher, J. W. » and C. V, Solodyna, Alfven waves and directional 

discontinuities in the interplanetary medium, J. Geophys. Res ., 80 . 

181, 1975. 

Burlaga, L. F. , Directional discontinuities in the interplanetary magnetic 
Solar Phys .. X. 54, 1969a. 

Burlaga, L.F., Large velocity discontinuities in the solar wind. Solar 
Phys. . 7, 72, 1969b. 


26 



Burlsga, L. Fci On the nature and origin of directional disoontihuities, 
Geophys. Res .. 76, 1|360, 1971. 


Burlaga, J. F. Umaire, and H, Turner, interplanetary current 

sheets it 1 A.U., J. Geophys. Res ., 6^, 3191, 1977. 

Denskat, K.U., and L.F, Burlaga, Hultl spacecraft observations of microscale 

fluctuations in the solar wind, J. Geophys, Res ., 82, 2693. 1977. 

... ■ o 

„ ■' 'is " 

Fitzenreiter , K^J., Two-spacecraft measurements of the structure of 
tangential discontinuities, EOS , Transactions A.G.U. , 60 . 369 (SS23 
abstract), 1979. 


Hartle, R.E. and A. Barnes, Non-thermal heating in the two-fluid solar wind 
model, J. Geophys. Res .. 75 . 6915, 1970. 

C-J 

Lepplng, R. f* and K* W, Behannon, hagnetio field directional discontinui- 
ties: 1. Minimum variance errors, J. Geophys. Res . 85 , M695, 1980. 


Lepplng, R. P. , K. W. Behannon, and D. R. Howell, A method of estimating 
zero level offsets for a dual magnetometer with flipper on a slowly 
rolling spacecraft: Application to Mariner 10, NASA/GSFC X- 692 -75-268, 
October 1975. 

O s- ^ 

Martin, R. N., J. W. Belcher, and A. J. Lazarus, Obserisifations and analysis 
of abrupt changes in the interplanetar^' plasma velocity and magnetic 
O field. J. Geophys. Res ., W, 3653. 1973. 

p r 

Ness, N.R. , K.W. Behannon. R.P. Lepplng, Y.C. Whang, and g.H. Schatten, 
Magnetic, field observations near Venus; Preliminary results from 
Mariner 10, Science , 183 . 1301, 197**. 

Ness, N.F., A.J. HundhaUsen, and S.J. Lame, Observations of the 

interplanetary medium. Vela 3 'and IMP 3. 1965-1967, J. GeophyS. Res. , 


76. 


66M3, 1071 . 


Nts»i H, F., 0. S. Sotarot, a, B. $«ik and J, K. Wllooy, BUMiary or raiullb 
froiii tha lMP-1 luaintUo ritld<?aapari»nanfe, Spaoa Wta .. 6, 561, 1966. 

Naubauar, F. M. and H. Bannsbor'r, Btoanb obsirvabional and thaorabioal 
raaulba on disoonbinuitias in bht solar wind, Fourth Solar kind 
Confarenoa, August 26 - Saptambar 1, 1978, Burghausen, Fadaral Rapublio 
or Garmanyi to ba publishad in ConFaranoa Prooaadings, ad. h.R. 
Rosanbauar, Springarp-Varlag , 1980. 

Sari, Jamas k., Modulation of low anargy eoamio rays, FluD. I'haais, 

University of Maryland, 1978, NASA/QSFC X-692«72-309, August 1972. „ 

/J 

Souddar, J.O. , and,S, Olbert, A theory of looal and global prooassas whioh 
affeot solar wind aleobrons. 2. |j(parimantal support. J. Gaophys, 

Res., 6603, 1979. 

Seth, d, B., «. L* aoheifale, and N. F. KiiS, GSFC magnatio field 
experiment! Mat^iner 10, NASA/GSFC X-695-77-256, Ootober 1977. 

Sen, A.K. , stability of hydromagnetio Kelvin-Helmholtz disoontinuity, Phys^ 
Fluids . 6, 115<l, 1963. 9^ 

Sisooe, 0. L., b, Davis, jr., p. J. Coleman, Jr,, B. J. Smith and D. 0. 
Jones, Power spectra and discontinuities of tlje interplanetary magnetic 
field! Mariner ti, J. Geophys. Res .. S., 61, 19^8. 

■I 

Smith, E, J., Identification of interplanetary tangential and rotational 
discontinuities, J. GeopWs. Res .. ^8, 205^1, 1973a. 

Smith, E. J,, Observed properties of interplanetary rotational 
discontinuities, J, Geophys. Res ,. j;8, 2068, 1973b. 

Solodyna, C. V., J, k, Sari, and J. k. Belcher, Plasma field 

oharaoterlstios of directional discontinuities in the interplanetary 
medium, J. Geophys, Res .. 82, 10, 1977. 


Sonn«rupi B.U.O.« and L*. J. CahiU, Hainttopause structure and attitude 
from Explorer 12 ob.servations, J. Geophys. Ees .. 22, 171, 19d7. 

// 

Tsurutani, B, 1,, and E. J. Smith, Interplanetary discontinuities: Temporal 
variations and the radial gradient from 1 to 8.5 AU, J. Geophys. Res .. 
M* 2773, 1979. 

hhang, anii C,C, Chang, An Invisoid model of the solar wind, j, Geophys. 
Res., 70, in 75, 1965. ^ 










o 


II 




29 













Clean Clean Full f'T.D.'s''] 

R,D.'s (N*139) T.D.'s (N*31) Mixed (Ns120) ''Bad" (Nst6) 







FIGURE CAPTIONS 


zat":3? 




Figure 1. Occurrence rate dependence of magnetic field directional 

diacontinuities on heliocentric radial distance. The large scale 
field sector polarity is shown: positive sign represents "toward” 
the sun and negative sign away, eg^g is the latitude of the 
spacecraft with respect to the solar equatorial plane. 4 



Figure 2. Mariner 10 high resolution (^10 ms) data during the traversal of 
two interplanetary DD’s, illustrating that such structures can have 
differing time scales but not differ appreciably in magnetic field 
variation. At the left is shown a 2 minute interval of data and at 
the right a 20 s interval. In both cases is given (from top to 
bottom) the solar ecliptic (SE) direction angles • 0 , the field 
magnitude B, and the SE cartesian coordinates of the field By, 
B^. The vertical dashed lines superimposea on the coordinate data 
represent the precise beginning and end of the DD transition zone, 
and the horizontal solid lines represent^Ahe quasisteady state of 
the field immediately before and after the transition zone. 


Figure 3. The intermediate to minimum eigenvalue ratio shown as a percent 
distribution for m's exceeding 30° and for f;lata taken at three 
distances fro^die sun (see text). N denotes the number of DD's at 
each locati|^. 

Figure 4. Distributions of for l 2'^^3 - angle g is the 

discontinuity cone angle, g = cos”^ (|Bj^|/B). The vertical dashed 
lines indicate the separation point between "ID’s" (on the left) end 
RD's (on the right). 

o 

Figure 5. Scatter diagram of discontinuity data at 1.0 AU showing relative 
magnitude rms deviation Op/F (from measurement^] across the DD zone) 
as a function of g (see text). The arrows and- numbers at the 
top-right, just outside the box, represent in all cases but one 
(.260) legitimate ID's whose Op/F was too large to plot. 
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Figure 6. Similar to Figure 5i except it holds for R = 0,^2 AU. 

Figure 7. Similar to Figure 5, except it holds for R = 0,46 AU* 

Figure 8. Distributions^ of the longitudes of the discontinuity 

ribrmala with respect to location and type. Also for ooiripleteness 
"clean” versus full sets are represented along with the overall 
average field direction for each set (see text). 

Figure $. Distributions of the latitudes (Qj^) of the discontinuity normals 
with respect to location and type (see related Figure 8), 

Figure 10. Distributions of the discontinuity angle u given separately for 
location and type* Mean values given in each case have only a 
relative value ^ince most cases with u < were exclucec from the 
study (see text) . 

Figure 11. Discontinuity thickness distributions (in units of 100 km) with 
' respect to location and type. Ihe statements in parentheses 
represent the percentage of those DD's whose thicknesses are greater 
than 5600 km. 

cv c:#' 

Figure 12. Distributions of DD thickness t averaged over 20° intervals of 
the discontinuity angle ui. Results are shown separated for RD's 

'/ 

(left) and TD's (right). Vertical bars give ± o//IT for each 
average, indicating variability within the data averaged (see text). 
No obvious 'general relationship between t and u is observed. 
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